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1. INTRODUCTION {#cam42847-sec-0001}
===============

Tremendous preclinical and clinical researches have been conducted with targeted therapies against mutationally activated oncogenes. Identification of a limited set of "driver" mutations and common downstream oncogenic signaling pathways provides actionable targets for drug therapy.[1](#cam42847-bib-0001){ref-type="ref"}, [2](#cam42847-bib-0002){ref-type="ref"}, [3](#cam42847-bib-0003){ref-type="ref"} Mitogen‐activated protein kinase (MAPK)‐associated RAS‐RAF‐MEK (MAPK kinase/ERK kinase)‐ERK (extracellular signal‐regulated kinase) signaling pathway and phosphatidylinositol‐4,5‐bisphosphate 3‐kinase (PI3K)‐associated AKT‐mTOR (mechanistic target of rapamycin kinase) signaling pathway are commonly altered in solid cancers.[4](#cam42847-bib-0004){ref-type="ref"}, [5](#cam42847-bib-0005){ref-type="ref"} Single‐drug MAPK or PI3K pathway inhibitors have demonstrated disappointing results in clinical trials, possibly because cancers depend on multiple oncogenic pathways simultaneously or because of feedback activation of parallel pathways in response to single‐pathway inhibition. Dual‐pathway inhibiting drug combinations have shown promising results in preclinical in vitro and in vivo solid cancer models. Early phase clinical trials testing dual MEK‐PI3K pathway inhibitors in advanced solid cancers have demonstrated safety, although efficacy has been disappointing.[6](#cam42847-bib-0006){ref-type="ref"}, [7](#cam42847-bib-0007){ref-type="ref"}, [8](#cam42847-bib-0008){ref-type="ref"} Major considerations to improve the efficacy of targeted therapies include identification of ideal drugs and drug combinations, optimizing dosing schedules, and enriching for patient factors (eg, phenotype and genotype) that are more likely to respond to specific targeted therapies. However, no clear predictive factors for dual MEK‐PI3K inhibitor therapy have been identified to date.

In this study, we tested the efficacy of dual MEK‐PI3K drug therapy against mucinous colon/appendix cancers since these tumors demonstrate unique phenotypic and genotypic features that are likely to be predictive of sensitivity to this combination therapy. Genotypically, these tumors frequently demonstrate KRAS mutations, resulting in downstream activation of MAPK and PI3K signaling pathways.[9](#cam42847-bib-0009){ref-type="ref"}, [10](#cam42847-bib-0010){ref-type="ref"}, [11](#cam42847-bib-0011){ref-type="ref"}, [12](#cam42847-bib-0012){ref-type="ref"}, [13](#cam42847-bib-0013){ref-type="ref"}, [14](#cam42847-bib-0014){ref-type="ref"}, [15](#cam42847-bib-0015){ref-type="ref"}, [16](#cam42847-bib-0016){ref-type="ref"}, [17](#cam42847-bib-0017){ref-type="ref"}, [18](#cam42847-bib-0018){ref-type="ref"}, [19](#cam42847-bib-0019){ref-type="ref"} Phenotypically, mucinous tumors demonstrate high basal endoplasmic reticulum stress (ERS), and associated signaling pathways known as the upregulated protein response (UPR), likely due to high mucin 2 (MUC2) protein turnover.[20](#cam42847-bib-0020){ref-type="ref"}, [21](#cam42847-bib-0021){ref-type="ref"}, [22](#cam42847-bib-0022){ref-type="ref"}, [23](#cam42847-bib-0023){ref-type="ref"} Therefore, they are likely to be vulnerable to aggravated ERS‐associated apoptosis. However, MAPK and PI3K signaling have been shown to protect some cancers against ERS‐induced cell death through various mechanisms.[24](#cam42847-bib-0024){ref-type="ref"}, [25](#cam42847-bib-0025){ref-type="ref"} We hypothesized that dual MEK‐PI3K inhibitor therapy in mucinous colon/appendix cancers would inhibit molecular pathways for survival and sensitize cells to ERS‐induced apoptosis. We also postulated that ERS‐mediated apoptosis would be further enhanced in response to disruption of MUC2 protein homeostasis by PI3K inhibition since PI3K‐AKT‐depedent fatty acid synthase (FASN) activity is essential for appropriate MUC2‐palmitoylation and secretion.[26](#cam42847-bib-0026){ref-type="ref"} Finally, we postulated that dual cytotoxic and MUC2‐suppressive properties of combined MAPK‐PI3K pathway inhibition would be advantageous in these mucinous tumors.[27](#cam42847-bib-0027){ref-type="ref"}, [28](#cam42847-bib-0028){ref-type="ref"}, [29](#cam42847-bib-0029){ref-type="ref"}

In this study, we investigated the efficacy of dual MEK‐PI3K inhibition in established KRAS mutated MUC2‐secreting colon cancer cells (LS174T), and patient‐derived in vitro and in vivo models (tumor explants and epithelial organoid \[colonoid\] cultures, and intraperitoneal \[IP\] murine xenografts) derived from KRAS mutated mucinous colon/appendix cancers.

2. MATERIALS AND METHODS {#cam42847-sec-0002}
========================

2.1. Materials {#cam42847-sec-0003}
--------------

LS174T cells (KRAS p.G12D mutation) and COS‐7 cell lines were obtained from ATCC (Manassas, VA), and Cell line authentication was performed using the Genetica cell line testing a LabCorp brand. Trametinib (MEK inhibitor) and pictilisib (PI3K inhibitor) were purchased from Cayman Chemical. CellTiter 96 Aqueous Assay was obtained from Promega Corporation. Female athymic nude mice were obtained from Jackson Laboratory. Reverse transcription‐polymerase chain reaction (RT‐PCR) kits, including primers and probes for MUC2 and glyceraldehyde 3‐phosphate dehydrogenase (GAPDH), were obtained from Applied Biosystems Inc (ABI). MUC2 antibody for western blot and the in situ 5‐bromo‐2\'‐deoxyuridine (BrdU)‐Red DNA Fragmentation kit were obtained from Abcam. MUC2 antibody for immunofluorescence assay was obtained from Santa Cruz Biotechnology. Anti‐rabbit Alexa 647, Alexa 488, and caspase 3 antibodies were obtained from Cell Signaling Technology. Sytox orange for nucleic acid labeling was obtained from Life Technologies. All other chemicals were purchased from Sigma‐Aldrich.

2.2. Cell proliferation assay {#cam42847-sec-0004}
-----------------------------

Briefly, 5000 cells were seeded in a 96‐well culture plate and allowed to adhere overnight. Following treatment, cell viability was determined by adding 3‐(4,5‐dimethylthiazol‐2‐yl)‐5‐(3‐carboxymethoxyphenyl)‐2‐(4‐sulfophenyl)‐2H‐tetrazolium) (MTS) solution and incubating for 2 hours at 37°C. The absorbance of the formazan product at 490 nm was measured directly using an enzyme‐linked immunosorbent assay (ELISA) plate reader.

2.3. Annexin V and propidium iodide (PI) staining {#cam42847-sec-0005}
-------------------------------------------------

LS174T cells were seeded in 60‐mm diameter culture dishes and incubated overnight. Following treatment, Annexin V and PI staining were performed using the FITC Annexin V Apoptosis Detection Kit (BD Biosciences). Data were analyzed by flow cytometry using a BD Accuri c6 instrument and software (BD Biosciences).

2.4. Western blot analysis {#cam42847-sec-0006}
--------------------------

Cells were lysed using radioimmunoprecipitation assay (RIPA) buffer with protease and phosphatase inhibitors. Ten micrograms of soluble proteins were run on a 4%‐20% gradient sodium dodecyl sulfate‐polyacrylamide gel electrophoresis (SDS‐PAGE) or 1% agarose gel followed by blotting onto nitrocellulose membranes. After blocking the membranes with 5% fat‐free dry milk powder for 60 minutes at room temperature, blots were incubated with specific marker antibodies (all 1:1000) overnight at 4°C. The blots were then washed and incubated with HRP‐conjugated anti‐mouse or anti‐rabbit secondary antibodies for 60 minutes at room temperature. After washing, blots were developed with enhanced Super Signal West Dura Extended Duration Substrate and visualized using a Bio‐Rad imager with chemiluminescence capability.

2.5. Stable cell line generation {#cam42847-sec-0007}
--------------------------------

LS174T cells were incubated with CCAAT‐enhancer‐binding protein homologous protein (CHOP) or PUMA (p53‐upregulated modulator of apoptosis) short‐hairpin RNA (shRNA, h) lentiviral particles and 5 µg/mL final concentration polybrene (Sigma‐Aldrich, \#9268). Following 24 hours of incubation, the medium was replaced with complete DMEM for 24 hours and then puromycin was added at a final concentration of 3 µg/mL. Cell were sub‐cultured for 3 weeks under puromycin selection to eliminate non‐transduced cells.

COS‐7 cells were transfected with pSNMUC2‐MG vector expressing MUC2 N‐terminal (a gift from G. Hansson, University of Gothenburg, and Gothenburg, Sweden). Following overnight incubation, the medium was replaced with complete DMEM for 24 hours and then G418 was added at a final concentration of five hundred microgram per ml to eliminate non‐transfected cells.

2.6. Real‐time PCR {#cam42847-sec-0008}
------------------

Total RNA was isolated from LS174T cells using Qiagen RNA isolation kit. The cDNA was prepared using the Quanta cDNA synthesis kit. Real‐time PCR was then carried out using an ABI Prism SDS 7000 Cycler system, using commercially available primers and probe obtained from ABI for specific cDNA, for 40 cycles at 95°C for 15 seconds. All PCR reactions were performed in triplicate, the house keeping gene GAPDH was used as a reference gene for the mRNA levels of genes of interest.

2.7. Immunofluorescence {#cam42847-sec-0009}
-----------------------

Tumor tissues were embedded in OCT medium‐containing cryomolds and immediately frozen in 2‐methyl‐butane. Then, 5 µm frozen tissue sections were cut using a cryostat and layered on super frost plus slides, which were fixed in 4% para‐formaldehyde for 15 minutes, washed, and blocked for 60 minutes at room temperature. The slides were then stained for 3 hours at room temperature with specific antibodies. The slides were washed five times with 1 × phosphate‐buffered saline (PBS) and incubated with secondary anti‐rabbit Alexa 488 and anti‐mouse Alexa 647 antibodies, and nuclear dye SYTOX Orange for 30 minutes at room temperature. The slides were washed five times with 1 × PBS. Cover slips were mounted on the sections using ProLong Gold Anti‐fade solution. The stained slides were examined using a confocal microscope (Leica TCS SL DMRE microsystems).

2.8. Terminal deoxynucleotidyl transferase dUTP nick end labeling (TUNEL) assay {#cam42847-sec-0010}
-------------------------------------------------------------------------------

In situ BrdU‐Red DNA Fragmentation kit was used to detect apoptosis in frozen tissues. Br‐dUTP staining was used to detect the DNA strand breaks. Briefly, frozen sections were deparaffinized, permeabilized using proteinase K, DNA strand breaks were end‐labeled with terminal transferase, and then visualized using fluorescence microscopy.

2.9. Colonic crypt isolation and culture {#cam42847-sec-0011}
----------------------------------------

Fresh primary KRAS mutated colon/appendix mucinous neoplastic tissue (5 tumors with KRAS p.G12D mutations and 3 with KRAS p.G12V mutations) was used to develop ex vivo epithelial organoid cultures (colonoids) based on a previously published protocol.[30](#cam42847-bib-0030){ref-type="ref"} Human tissue was collected under an Institutional Review Board (IRB)‐approved protocol, and informed consents were obtained from all patients prior to analysis. The mucosa was stripped of the underlying muscle layer and tumor tissue fragments were washed, followed by incubation in chelation solution supplemented with ethylene diamine tetraacetic acid (EDTA, 2 mmol/L final concentration). Basal culture medium (advanced DMEM/F12 supplemented with penicillin/streptomycin, 10 mmol/L HEPES, and Glutamax) was added, and the crypts were washed twice with basal culture medium and suspended in Matrigel matrix (MM). The MM was polymerized by incubation at 37°C in a 5% CO~2~ incubator for 30 minutes and then overlaid with human intestinal stem cell medium.

2.10. Tumor explant culture {#cam42847-sec-0012}
---------------------------

Tissue from fresh primary KRAS mutated colon/appendix mucinous tumors (5 tumors with KRAS p.G12D mutations and 3 with KRAS p.G12V mutations) was obtained during surgery. The explant culture system was used according to a previously described method.[31](#cam42847-bib-0031){ref-type="ref"} Using a 4‐mm biopsy puncher, cubes of tumor tissue were prepared and placed in antibiotic gentamicin containing DMEM and 10% FBS (typically three cubes/well in 24‐well plates). The tumor explants were cultured at 37°C in a humidified atmosphere containing 5% CO~2.~

2.11. Alcian blue stain {#cam42847-sec-0013}
-----------------------

The VitroView^Tm^ Alcian Blue Stain kit (GeneCopoeia Rockville, MD) was used to stain mucin in frozen tissues.

2.12. JC‐1 staining for mitochondrial membrane potential {#cam42847-sec-0014}
--------------------------------------------------------

The JC‐1 Mitochondrial Membrane Potential Assay kit, (Cayman Chemical) was used to monitor mitochondrial transmembrane potential (ΔΨm). Cells were stained with 100 µL/mL JC‐1 staining solution in culture medium in a 24‐well plate and incubate at 37°C for 15 minutes. In the undamaged mitochondria, the aggregated dye induces red fluorescence, whereas in apoptotic cells with altered ΔΨm, the dye remains as monomers in the cytoplasm with diffuse green fluorescence.

3. MUC2 ELISA {#cam42847-sec-0015}
=============

Conditioned medium from cell/ COS‐7 cells expressing MUC2 N‐terminal (50 µL/well) was coated onto a Corning 96‐well EIA/RIA plate by incubating overnight at room temperature in 0.1 mol/L carbonate buffer pH 9.6. Plates were blocked for 1 hour at room temperature with 2% bovine serum albumin (BSA) in PBS and incubated overnight with MUC2 antibody in PBS containing 0.05% Tween‐20. Bound MUC2 antibody was detected using anti‐mouse HRP‐conjugated and 2,2\'‐azino‐bis (3‐ethylbenzothiazoline‐6‐sulphonic acid (ABTS) substrate (Sigma‐Aldrich St. Louis, MO).

3.1. In vitro acyl‐biotin exchange (ABE) assay {#cam42847-sec-0016}
----------------------------------------------

The ABE assay used was adapted from Wan and colleagues with modifications..[32](#cam42847-bib-0032){ref-type="ref"} COS‐7 Cells were lysed in lysis buffer (LB, pH 7.4) containing 50 mmol/L Tris‐HCl pH 7.4, 150 mmol/L NaCl, 1% NP‐40, 1 mmol/L EDTA, and protease inhibitors. For this procedure, all centrifugation steps were carried out at 850 × *g* for 5 minutes. MUC2 was first immunoprecipitated from 500 µg protein using 6 µg anti‐MUC2 antibody, and the MUC2 and anti‐MUC2 antibody complexes were bound to the exosome immunoprecipitation reagent (Protein G, \#10612D, Fisher scientific). Then, 50 mmol/L of N‐ethylmaleimide (NEM, E3876, Sigma‐Aldrich) in LB, pH 7.4, was added to the immunoprecipitated MUC2 and incubated for 3 hours at 4°C with gentle rotation to block free thiols of cysteine residues. After three washes with LB, pH 7.4, MUC2 was treated with and without (mock as control) 1 mol/L hydroxylamine (HAM, \#379921, Sigma‐Aldrich) in LB, pH 7.4 for 2 hours at room temperature with gentle rotation. MUC2 was then rinsed three times with LB, pH 6.2 followed by treatment with 5 µmol BMCC‐Biotin (\#21900, Thermo Fischer Scientific) in LB (pH 6.2) overnight at 4°C with gentle rotation. This was followed by three rinses with LB (pH 7.4) to remove excess biotin, and MUC2 was then eluted with reducing sample buffer. Samples were analyzed using SDS‐PAGE.

3.2. Patient‐derived xenograft (PDX) model {#cam42847-sec-0017}
------------------------------------------

A previously developed IP murine PDX model of KRAS mutated (KRAS p.G12D mutation) mucinous appendix cancer has been published.[27](#cam42847-bib-0027){ref-type="ref"} Murine experiments were conducted under an Institutional Animal Care and Use Committee (IACUC)‐approved protocol. We calculated sample size for the animal experiments using the following formula, corrected sample size = sample size/(1 − \[% attrition/100\]); we expected a 20% attrition rate in our PMP‐PDX model.[33](#cam42847-bib-0033){ref-type="ref"} Animals were randomized on day 7 after tumor inoculation to different treatment groups (eight animals per group) and weekly measurements of gross body weight (g) and abdominal girth (mm) were recorded. All animals were euthanized at the same time once IACUC criteria were reached for any of the mice (maximum abdominal girth of 30 mm, inanition, respiratory compromise, evidence of pain, \>20% reduction in body weight, scruffy appearance), at which point the abdominal contents (organs plus mucinous tumor) were harvested en bloc and weighed.

3.3. Statistical analysis {#cam42847-sec-0018}
-------------------------

GraphPad Prism 5 software (GraphPad Software) was used for statistical analysis. Two‐group comparisons were performed using the Student *t* test. Comparisons among more than two groups were assessed using an analysis of variance (ANOVA) with post hoc testing.

4. RESULTS {#cam42847-sec-0019}
==========

4.1. Combination of trametinib and pictilisib induced synergistic cytotoxicity and apoptosis in vitro {#cam42847-sec-0020}
-----------------------------------------------------------------------------------------------------

Treatment of LS174T cells with varying doses of trametinib or pictilisib (0‐200 µmol/L) for 24 hours resulted in dose‐dependent decrease in cell viability, measured by MTS assay (Figure [1](#cam42847-fig-0001){ref-type="fig"}A,B). We demonstrated that the IC50 dose for trametinib was 117µM and for pictilisib was 120 µmol/L. Dual drug therapy (trametinib + pictilisib) induced synergistic cell death, with approximately 50% decrease in cell viability following exposure to trametinib (12 µmol/L) plus pictilisib (8 µmol/L) for 24 hours (combination index calculated using the computer software Compusyn was 0.2) (Figure [1](#cam42847-fig-0001){ref-type="fig"}C,D). Combination therapy (trametinib + pictilisib) was more effective than single drug therapy at inducing apoptotic cell death, as demonstrated by dual AnnexinV/PI staining at 24 hours (Figure [1](#cam42847-fig-0001){ref-type="fig"}E). As expected, dual drug treatment reduced phosphorylated‐ERK and ‐AKT protein levels (consistent with MAPK/PI3K signaling inhibition). At the same time, protein levels for PUMA, cleaved caspases 9/3 (but not caspase 8), and cleaved poly‐ADP ribose polymerase‐1 (PARP‐1) increased following dual drug therapy (consistent with mitochondrial‐mediated apoptotic cell death) (Figure [1](#cam42847-fig-0001){ref-type="fig"}F). Similar changes in MAPK/PI3K signaling proteins (phosphorylated‐ERK and ‐AKT) and apoptotic proteins (PUMA, cleaved caspases 3/9, PARP‐1) following drug therapy were confirmed in explant tissue from mucinous colon/appendix cancers (Figure [S1](#cam42847-sup-0001){ref-type="supplementary-material"}). We assessed changes in mitochondrial transmembrane potential (ΔΨm) following dual drug therapy using mitochondrial membrane‐permeant fluorescence dye JC‐1. JC‐1 aggregates (reduced red‐fluorescent J‐aggregates) were significantly reduced following co‐treatment, consistent with mitochondrial membrane damage and activation of intrinsic apoptosis (Figure [1](#cam42847-fig-0001){ref-type="fig"}G). These data suggest that dual drug therapy (trametinib + pictilisib) induced synergistic cell death via the intrinsic mitochondrial‐mediated apoptotic pathway in LS174T cells. We confirmed the therapeutic efficacy of this combination treatment using explant tissue (Figure [1](#cam42847-fig-0001){ref-type="fig"}H) and colonoid cultures (Figure [1](#cam42847-fig-0001){ref-type="fig"}I) derived from primary KRAS mutated mucinous colon/appendix cancers. Using TUNEL assay, we found a pronounced increase in apoptotic cells following dual drug therapy for 24 hours.

![Combination of pictilicsib and trametinib induced synergistic cytotoxicity and apoptosis in vitro. LS174T cells were treated with trametinib (T) alone (0‐200 µmol/L) (A), pictilisib (P) alone (0‐200 µmol/L) (B), or combination of P (0‐8 µmol/L) and T (0‐12 µmol/L) for 24 h (C), following which cell viability was analyzed by MTS assay. Combination index (CI) for combination treatment (P 8 µmol/L + T 12 µmol/L) in (C) was calculated using computer software Compusyn. LS174T cells were treated with single or dual drug therapy for 24 h following which apoptotic cells were analyzed by phase contrast microscope (D) and flow cytometry (Annexin V/PI staining) (E) at 24 h. Following treatment of LS174T cells with single or dual drugs, signaling pathway molecules (AKT, ERK) and apoptotic marker proteins (caspase 3/8/9, PARP‐1, and PUMA) were measured using western blot assay (F). LS174T cells were treated with combination of P 8 µmol/L + T12 µmol/L for 24 h and stained with JC‐1. Diffuse green JC1‐monomers indicate mitochondrial depolarization (damage), and punctate red JC1‐aggregates indicate intact mitochondrial membrane potential (ΔΨm). Percentage (%) JC‐1 aggregate staining was quantified. Confocal images were randomly taken of 10 different fields and analyzed using Image J Software to quantify the average intensity of the protein expression (G). Human tumor explant cultures (H) and colonoid cultures (I) were treated with single or dual drug therapy for 24 h and apoptosis was measured by TUNEL assay. Blue color represents nuclei and red color represents TUNEL positive cells. Error bars represents standard deviation (SD) from triplicate experiments (\**P* \< .05, \*\**P* \< .01, \*\*\**P* \< .001)](CAM4-9-1753-g001){#cam42847-fig-0001}

4.2. Dual drug therapy‐induced apoptosis was independent of ERS aggravation in vitro {#cam42847-sec-0021}
------------------------------------------------------------------------------------

Explant tissues derived from KRAS mutated mucinous colon/appendix cancers demonstrate higher basal ERS‐associated UPR marker levels compared to their non‐mucinous counterparts (Figure [S2](#cam42847-sup-0002){ref-type="supplementary-material"}). We therefore postulated that mucinous tumors may be more susceptible to drug therapies that aggravate ERS. We found that LS174T cells co‐treated with trametinib (12 µmol/L) and pictilisib (8 µmol/L) for 24 hours demonstrated significantly higher levels of UPR proteins, including glucose‐regulated protein 78 kDa (GRP78)/binding immunoglobulin protein (BiP), and CHOP, suggesting ERS aggravation (Figure [2](#cam42847-fig-0002){ref-type="fig"}A‐C). Similar changes in ERS protein levels following drug therapy were confirmed in explant tissue from KRAS mutated mucinous colon/appendix cancers (Figure [S3](#cam42847-sup-0003){ref-type="supplementary-material"}). Stable knockdown (KD) of CHOP in LS174T cells (Figure [2](#cam42847-fig-0002){ref-type="fig"}D) did not influence the induction of intrinsic apoptosis by dual drug therapy, as demonstrated by persistent activation of PUMA, and cleavage of caspase 9/3 and PARP‐1 in LS174T CHOP KD cells (Figure [2](#cam42847-fig-0002){ref-type="fig"}E). Conversely, stable KD of PUMA in LS174T cells (Figure [2](#cam42847-fig-0002){ref-type="fig"}F) significantly reduced intrinsic apoptosis following dual drug therapy for 24 hours, suggesting PUMA mediated apoptosis (Figure [2](#cam42847-fig-0002){ref-type="fig"}G). This was confirmed by the lack of ΔΨm change (persistent red‐fluorescent J‐aggregates) following dual drug therapy in PUMA KD LS174T cells (Figure [2](#cam42847-fig-0002){ref-type="fig"}H‐I). These data suggest that dual drug therapy aggravated ERS in LS174T cells and induced PUMA‐mediated intrinsic apoptosis, however drug‐mediated apoptosis was independent of ERS aggravation.

![Dual drug therapy‐induced apoptosis was independent of ERS aggravation in vitro. LS174T cells were treated with pictilisib (P) alone, trametinib (T) alone, or combination of P + T for 24 h following which changes in ERS markers (GRP78/BiP, CHOP) were measured using western blot assay (A) and qRT‐PCR (B‐C). LS174T cells were transfected with CHOP (D) or PUMA (F) shRNA (h) Lentiviral Particles to generate stable CHOP or PUMA knockdown (KD) LS174T cells respectively; knockdown efficiency was determined by qRT‐PCR. LS174T, LS174T Lentiviral control (LV1), and LS174T CHOP KD cells were treated with P alone, T alone or combination (P + T) for 24 h and lysates were probed with CHOP, Caspase 3/9, PUMA, and PARP‐1 antibodies (E). LS174T, LS174T Lentiviral control (LV1), and LS174T PUMA KD cells were treated with P alone, T alone or (P + T) for 24 h and lysates were probed with pAKT, AKT, pERK, ERK, PUMA, Caspase 3, and PARP‐1 antibodies (G). LS174T cells, LV1, and LS174T PUMA KD cells were treated with combination of P 8 µmol/L + T12 µmol/L for 24 h and stained with JC‐1. Diffuse green JC1‐monomers indicate mitochondrial depolarization (damage), and punctate red JC1‐aggregates indicates intact mitochondrial membrane potential (ΔΨm). Percentage (%) JC‐1 aggregate staining was quantified. Confocal images were randomly taken of 10 different fields and analyzed using Image J Software to quantify the average intensity of the protein expression (H‐I). Error bars represent standard deviation (SD) from triplicate experiments (\**P* \< .05, \*\**P* \< .01, \*\*\**P* \< .001)](CAM4-9-1753-g002){#cam42847-fig-0002}

4.3. Dual drug therapy reduced MUC2 expression and secretion in vitro {#cam42847-sec-0022}
---------------------------------------------------------------------

Treatment of LS174T cells with trametinib resulted in a dose‐dependent decrease in MUC2 protein expression at 24 hours. This effect was more pronounced following dual drug therapy with trametinib and pictilisib. While dual drug therapy reduced cell viability to approximately 50% in the MTS assay (Figure [1](#cam42847-fig-0001){ref-type="fig"}C), MUC2 protein expression was reduced by more than 90% (Figure [3](#cam42847-fig-0003){ref-type="fig"}A). We confirmed the MUC2 protein‐suppressive effect of dual drug therapy in explant tissue from KRAS mutated mucinous colon/appendix cancers, demonstrating reduced MUC2 protein (Figure [3](#cam42847-fig-0003){ref-type="fig"}B) and mRNA (Figure [3](#cam42847-fig-0003){ref-type="fig"}C) expression levels at 24 hours.

![Dual drug therapy reduced MUC2 expression and secretion in vitro*:* LS174T cells (A) and mucinous tumor explants (B) were treated with trametinib (T) alone or pictilicsib (P) alone or combination treatment (P + T) for 24 h. MUC2 protein expression was quantified using western blot assay. Following drug therapy in LS174T cells for 24 h, MUC2 mRNA expression was quantified using qRT‐PCR (C). Conditioned medium was collected following 24 h of single or dual drug treatment and secreted MUC2 protein level was quantified using ELISA (D‐F). Fatty acid synthase (FASN) expression level was quantified by western blot assay following dual drug therapy for 24 h (G). N‐terminal MUC2‐palmitoylation in COS‐7 cells stably expressing MUC2 N‐terminal following single or dual drug therapy for 24 h was determined by ABE assay and quantified by western blot assay (H). Hydroxylamine (HAM), a strong reducing agent that cleaves palmitate from cysteine residues, is necessary for biotinylation. The omission of HAM cleavage (HAM ‐) serves as negative control. Human tumor colonoid cultures were stained with alcian blue (mucin stains blue) (I) or MUC2 antibody (green MUC2 IF) (J) following single or dual drug therapy for 24 h. Error bars represents standard deviation (SD) from triplicate experiments (\**P* \< .05, \*\**P* \< .01)](CAM4-9-1753-g003){#cam42847-fig-0003}

We also assessed the effect of dual drug therapy on MUC2 secretion in LS174T cells. MUC2 protein levels were not significantly reduced in conditioned media following treatment with pictilisib or trametinib alone, however dual drug therapy was associated with a pronounced reduction in MUC2 secretion at 24 hours (Figure [3](#cam42847-fig-0003){ref-type="fig"}D‐F). Dual drug therapy significantly reduced FASN expression, an enzyme necessary for MUC2 N‐terminal palmitoylation and secretion (Figure [3](#cam42847-fig-0003){ref-type="fig"}G). In order to study the effect of dual drug therapy on MUC2 post‐translation modification, we performed ABE assay in COS‐7 cells stably expressing MUC2 N‐terminal. Our data demonstrate a significant reduction in MUC2 N‐terminal palmitoylation following dual drug therapy, that would lead to a reduction in protein secretion (Figure [3](#cam42847-fig-0003){ref-type="fig"}H). The overall inhibitory effects of drug therapy on mucin/MUC2 production was confirmed in colonoid cultures from KRAS mutated colon/appendix cancers. Dual drug therapy resulted in a significant reduction mucin (alcian blue) and MUC2 protein (MUC2 antibody) staining at 24 hours (Figure [3](#cam42847-fig-0003){ref-type="fig"}I,J).

4.4. Combination of trametinib and pictilisib reduced mucinous tumor growth in vivo {#cam42847-sec-0023}
-----------------------------------------------------------------------------------

The above data suggest a dual cytotoxic and MUC2‐inhibitory effect of combination treatment with trametinib and pictilisib in mucinous colon/appendix cancers. We evaluated the therapeutic efficacy of this combination in vivo using IP PDX models derived from KRAS mutated mucinous appendix cancer. Seven days following IP tumor inoculation, animals were treated IP with vehicle (PBS), trametinib alone (1 mg/kg), pictilisib alone (100 mg/kg) or combination of trametinib and pictilisib, every other day for 3 weeks. Drug dose selection for IP trametinib and pictilisib was based on prior publications and our pilot studies.[34](#cam42847-bib-0034){ref-type="ref"}, [35](#cam42847-bib-0035){ref-type="ref"} Treatment‐related drug toxicity was not encountered in the in vivo experiments. Dual drug therapy resulted in significant reduction in mucinous tumor growth, compared to either drug alone, as demonstrated by clinical assessment, serial anthropometric measurements (body weight and abdominal girth), and total abdominal contents at the time of euthanasia (Figure [4](#cam42847-fig-0004){ref-type="fig"}A‐D). Tumor tissue harvested from euthanized animals following 3 weeks of therapy demonstrated a significant reduction in cell proliferation (Ki67 staining) and increase in apoptosis (TUNEL positive staining) with dual therapy (Figure [4](#cam42847-fig-0004){ref-type="fig"}E). Changes in signaling pathway proteins (pAKT and pMAPK), ERS protein levels (GRP78/BiP and CHOP) and apoptosis proteins (Caspase 3/9 and PUMA) were consistent with those seen in in vitro studies (Figure [4](#cam42847-fig-0004){ref-type="fig"}F).

![Dual drug therapy reduced mucinous tumor growth in vivo: Patient‐derived xenografts were treated with PBS alone (control), or pictilicsib (P) alone (100 mg/kg b.w.), or trametinib (T) alone (1 mg/kg b.w.), or combination of P + T every other day (starting on day 7 following tumor implantation) until they were euthanized at day 28. Gross intra‐abdominal tumor burden is depicted pictorially (A). Weekly measurements of body weight (g) (B) and abdominal girth (mm) (C) were recorded. At the time of sacrifice abdominal contents weight (tumor + organs, in grams) was quantified (D). Harvested tumor tissue from euthanized mice was stained with proliferation marker (Ki67 IF assay) antibody and TUNEL assay was also performed (E). IF assay was performed for signaling pathway proteins (pAKT and pMAPK), ERS protein levels (GRP78/BiP and CHOP) and apoptosis proteins (Caspase 3/9 and PUMA) following 3 weeks of drug therapy (F). Error bars represent standard error of the mean among the 6 xenograft specimens. Asterisk represents a statistically significant difference compared with the control group (\**P* \< .05, \*\*\**P* \< .001)](CAM4-9-1753-g004){#cam42847-fig-0004}

5. DISCUSSION {#cam42847-sec-0024}
=============

Early phase clinical trials of dual MEK‐PI3K inhibitor therapy for advanced solid cancers demonstrate low response rates but acceptable toxicity.[6](#cam42847-bib-0006){ref-type="ref"}, [8](#cam42847-bib-0008){ref-type="ref"} Response rates and disease control rates are low in unselected patients; approximately 5% and 19%, respectively.[6](#cam42847-bib-0006){ref-type="ref"}, [8](#cam42847-bib-0008){ref-type="ref"} No clear predictive factors have been identified, although response rates appear to be higher for RAS‐ or RAF‐mutated cancers than for those without these mutations. A phase 1 study (NCT00996892) tested co‐therapy with MEK (cobimetinib) and PI3K (pictilisib) inhibitors against unselected solid cancers. Partial responses occurred in 3 of 78 patients (importantly, all 3 had KRAS or BRAF mutations) and stable disease for more than 5 months was seen in 5 patients.[36](#cam42847-bib-0036){ref-type="ref"} Another phase 1 trial (NCT01392521) involving MEK (refametinib) and PI3K (copanlisib) inhibitors, refametinib in advanced solid cancers demonstrated a single patient with partial response and 9 with stable disease out of 49 enrolled patients.[37](#cam42847-bib-0037){ref-type="ref"} A phase 1 study of MEK (trametinib) and PI3K (buparlisib) inhibitors was conducted in 113 patients with RAS or RAF mutant non‐small cell lung, ovarian, and pancreatic cancers. Promising antitumor activity against KRAS (especially G12V) mutant ovarian cancers was seen, including a response rate of 29% (one complete and five partial responses), disease control rate of 76%, and median progression‐free survival of 7 months. However, significant toxicity was encountered with treatment‐related grades 3/4 adverse events documented in 65% of patients.[38](#cam42847-bib-0038){ref-type="ref"} A phase 1 study of MEK (binimetinib) and PI3Kα (alpelisib) inhibitors was conducted in 58 patients with RAS or RAF mutant advanced solid cancers. Partial responses were documented in 3 of 4 patients with KRAS mutant ovarian cancers.[39](#cam42847-bib-0039){ref-type="ref"} These data suggest that dual MEK‐PI3K therapy is likely to be effective against RAS mutant cancers.

Mucinous colon/appendix cancers display phenotypic and genotypic characteristics that are predictive of responses to dual MEK‐PI3K inhibition. Mucinous colon cancers are more likely to occur in younger female patients; particularly the right colon; follow the serrated pathway for carcinogenesis; and are more likely to have RAS, RAF, and GNAS mutations.[11](#cam42847-bib-0011){ref-type="ref"}, [17](#cam42847-bib-0017){ref-type="ref"}, [40](#cam42847-bib-0040){ref-type="ref"}, [41](#cam42847-bib-0041){ref-type="ref"}, [42](#cam42847-bib-0042){ref-type="ref"} Similarly, mucinous appendix cancers are almost always KRAS mutant, and low‐grade histology almost uniformly demonstrates GNAS mutations.[9](#cam42847-bib-0009){ref-type="ref"}, [12](#cam42847-bib-0012){ref-type="ref"}, [13](#cam42847-bib-0013){ref-type="ref"}, [14](#cam42847-bib-0014){ref-type="ref"}, [15](#cam42847-bib-0015){ref-type="ref"}, [16](#cam42847-bib-0016){ref-type="ref"}, [18](#cam42847-bib-0018){ref-type="ref"} Identification of novel effective therapies for KRAS mutant colon/appendix cancers is important since KRAS mutation is associated with dysregulated growth, resistance to anti‐EGFR (epithelial growth factor receptor) therapy, and worse survival.[43](#cam42847-bib-0043){ref-type="ref"} Based on the unique phenotypic and genotypic characteristics of mucinous colon/appendix cancers, we utilized a novel combination of MEK (trametinib) and PI3K (pictilisib) inhibitors in this study. We demonstrated synergistic cytotoxicity, aggravation of ERS and activation of intrinsic mitochondrial‐mediated apoptosis following combination therapy. These findings were consistent across a variety of experimental models, including an established KRAS mutated MUC2‐secreting colon cancer cell line (LS174T), as well as patient‐derived tumor explants, colonoid cultures, and murine IP xenografts of KRAS mutated mucinous colon/appendix cancers. Apoptosis following drug therapy was PUMA‐mediated but ERS‐independent, despite ERS aggravation after dual drug therapy. Importantly, we demonstrated promising preclinical data of mucinous tumor growth suppression in ex vivo colonoid cultures and in vivo IP PDX models derived from KRAS mutant colon/appendix cancers. Furthermore, synergistic interaction between trametinib and pictilisib effectively suppressed tumor growth at lower (less toxic) doses of each individual drug. Importantly, no treatment‐related drug toxicity was encountered in the in vivo experiments.

A unique aspect of mucinous colon/appendix cancers is the abundant production and secretion of MUC2 protein. Although the role of ubiquitously expressed MUC2 in these tumors remains unclear, tumors are generally known to aberrantly express mucins to promote cell survival.[44](#cam42847-bib-0044){ref-type="ref"} Extracellular mucus may provide a protective barrier around neoplastic cells to shield them against external insults including systemic chemotherapy. In fact, mucinous colon/appendix cancers are more chemo‐resistance than their non‐mucinous counterparts. Therefore, targeting mucin production and secretion may be a viable therapeutic strategy in these tumors, as we have previously demonstrated.[27](#cam42847-bib-0027){ref-type="ref"}, [28](#cam42847-bib-0028){ref-type="ref"}, [29](#cam42847-bib-0029){ref-type="ref"}, [45](#cam42847-bib-0045){ref-type="ref"} RAS pathway activation has been shown to regulate transcriptional control of mucin production.[46](#cam42847-bib-0046){ref-type="ref"} We previously demonstrated that MEK inhibition decreased MUC2 expression via downregulation of phosphorylated‐ERK1/2, NF‐κB p65 protein signaling, and reduced AP1 transcription factor binding to the MUC2 promoter.[29](#cam42847-bib-0029){ref-type="ref"} PI3K signaling plays a prominent role in FASN‐mediated MUC2 palmitoylation, an essential step for normal MUC2 secretion.[26](#cam42847-bib-0026){ref-type="ref"} In this study, we demonstrated effective reduction in MUC2 expression and secretion following dual MEK‐PI3K inhibition. Dysregulated post‐translational modification and secretion of proteins can induce severe and persistent ERS that can trigger molecular pathways associated with cell death through the activation of UPR molecular signaling pathways. Mucinous tumors demonstrate higher basal ERS, which makes them more vulnerable to ERS aggravation‐induced apoptosis.[20](#cam42847-bib-0020){ref-type="ref"}, [21](#cam42847-bib-0021){ref-type="ref"}, [22](#cam42847-bib-0022){ref-type="ref"}, [23](#cam42847-bib-0023){ref-type="ref"} Conversely, elevated MAPK and PI3K signaling has been shown to protect cancer cells from ERS‐mediated apoptosis by providing a mechanism for escape.[24](#cam42847-bib-0024){ref-type="ref"} Our data demonstrate significant induction of ERS response proteins following dual drug therapy. While intrinsic mitochondrial‐mediated apoptosis was increased following co‐therapy, this was not ERS‐dependent.

The research data presented in this study have a number of important limitations. We did not include multiple cell lines in this study and instead utilized patient‐derived explant tissue, colonoid cultures and xenografts derived from mucinous colon/appendix cancers to assess therapeutic effect and corroborate cell line data. We feel that these clinically relevant models are especially important for mucinous tumors for which availability of high‐mucin (MUC2) secreting cell lines is limited. The mechanism for apoptosis induction was not clearly defined in this study and in fact our hypothesis for ERS aggravation playing a dominant role was not borne out in our experimental studies. While ERS was increased following dual MEK‐PI3K therapy, the degree of ERS aggravation may not have been sufficient to drive apoptosis and/or MAPK/PI3K‐mediated escape mechanisms may have protected cancer cells from ERS‐mediated apoptosis. Pictilisib treatment alone was minimally effective at reducing mucinous tumor growth in vivo, likely due to the dominant role of MAPK signaling in these mucinous tumors and crosstalk between PI3K and MAPK cancer signaling pathways.

In summary, we provide promising preclinical data to support the use of dual MEK‐PI3K inhibitor therapy in patients with mucinous colon/appendix cancers. We postulate that these highly mucinous KRAS mutated cancers are especially vulnerable to this co‐treatment based on their phenotypic and genotypic characteristics.
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